Introduction
Ischemic preconditioning is an endogenous protective mechanism whereby tissue subject to single or multiple brief episodes of ischemia/reperfusion develops protection against subsequent potentially lethal ischemic injury. Previous studies have demonstrated that preconditioning is additionally triggered by non-ischemic stress, including exposure to reactive oxygen species (ROS) (1, 2) . However, the exact mechanisms underlying preconditioning remain to be fully understood.
Ataxia-telangiectasia mutated (ATM) serine/threonine kinase is a member of a superfamily of phosphatidylinositol (PI) 3-kinase-like kinases (3) and is regarded as a lynchpin of cellular defenses to stress, particularly antioxidative stress, maintaining cellular redox homeostasis (4) . Previous studies have reported that ATM-deficient mice have increased levels of ROS, particularly in the nervous system, leading to neuronal degeneration (5, 6) . In addition, it has been reported that activation of ATM in the cytoplasm protects neurons against oxidative stress-induced damage (7) . Patients with ataxia telangiectasia, carrying mutations at the two ATM alleles (ATM -/ -), present with progressive cerebellar ataxia and cerebellar degeneration (8, 9) . There is accumulating evidence to suggest that ATM is a central regulator of the response to DNA damage, including DNA repair, telomere maintenance and regulation of the cell cycle (10) (11) (12) . Although ATM is expressed in the brain and neurons (13) , its involvement in preconditioning remains to be investigated. The present study investigated whether H 2 O 2 preconditioning protected against injury induced by oxidative stress in Neuro-2a (N2a) cells, and the role of ATM in H 2 O 2 preconditioning.
Materials and methods
Cell culture and treatment. N2a mouse neuroblast cells (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) were cultured in high-Dulbecco's modified Eagle's medium/OPTI-Minimal Essential Medium (1:1; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 5% (v/v) fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) in a humidified atmosphere of 5% CO 2 at 37˚C. Cells were passaged by trypsinization and seeded at ~10 5 cells/ml. When cells reached 60-80% confluence, the culture medium was replaced with serum-free medium for 12-24 h. Cells were initially treated with 20, 50, 100, 300, 600 and 1,000 µM H 2 Assessment of cell viability. An MTT assay was used to determine cell viability. N2a cells were seeded at a density of 1x10 4 cells/well in a 96-well culture plate. At the end of each experiment, 10 µl MTT (0.5 mg/ml) was added to the cell medium and incubated for 4 h at 37˚C. Following incubation, MTT solutions were removed, dimethyl sulfoxide was added, and the absorbance at 490 nm was measured using a microplate reader. Data are expressed as a percentage of the control, which was considered to be 100% viable.
siRNA transfection. N2a cells were transfected with 50 nM ATM siRNA or Scramble control siRNA using Lipofectamine 2000 ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. The siRNA sequences utilized targeted the following mouse ATM coding sequence: 5'-GCT TGA GGC TGA TCC ATA TTC-3'. To determine the effect of siRNA transfection, the N2a cells were collected and lysed with lysis buffer [50 mM NaCl, 10 mM Tris-base, 1 mM EDTA, 2 mM sodium orthovanadate (Na 3 VO 4 ), 1 mM NaF, 1 mM phenylmethyl-sulfonyl fluoride, 1% sodium dodecyl sulfate (SDS)] at 95˚C for 10 min for western blot analysis 48 h following transfection.
RT-qPCR. Total cellular RNA was isolated using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and cDNA was generated from 1 µg total RNA using the M-MLV reverse transcription kit (Promega Corporation, Madison, WI, USA). Quantification of gene copies was performed using the ABI 7300 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) with the Power SYBR ® Green PCR Master Mix kit (Promega Corporation). The primer sequences used were as follows: Forward, 5'-GCA CAC GGA TTG CTC AAG GA-3' and reverse, 5'-GCC CAT TCG GAA TAT GGA TCAG-3' for ATM (14) ; and forward, 5'-CAA TGA CCC CTT CAT TGA-3' and reverse, 5'-GAC AAG CTT CCC GTT CTC AG-3' for GAPDH (15) . The following thermocycling conditions were used: An initial predenaturation step at 95˚C for 10 min, followed by 40 cycles of denaturation at 95˚C for 15 sec and annealing at 60˚C for 60 sec. All amplification reactions for each sample were repeated in at least triplicate, and the relative expression values were normalized to those of GAPDH using the 2 -ΔΔCq method (16) .
Western blot analysis. Cells were lysed with lysis buffer [50 mM NaCl, 10 mM Tris-base, 1 mM EDTA, 2 mM Na 3 VO 4 , 1 mM NaF, 1 mM phenylmethyl-sulfonyl fluoride, 1% SDS], and the protein content of the lysates was measured using the bicinchoninic acid assay. Flow cytometric analysis of apoptosis. Flow cytometry was performed as described in a previous study by Tang et al (1) . Briefly, treated N2a cells (2x10 6 ) were collected and centrifuged at 5,000 x g at 4˚C for 10 min. The cell pellet was resuspended in cold PBS and fixed using 70% ethanol at 4˚C for 1 h. The cells were then centrifuged at 5,000 x g for 10 min, and resuspended in PBS. DNase-free RNaseA (100 µl, 200 µg/ml) was added to the cells and incubated at 37˚C for 10 min. Cells were subsequently incubated with propidium iodide (PI) at a final concentration of 100 mg/l, filtered and incubated in the dark at room temperature for 10 min prior to flow cytometric analysis. The PI fluorescence of individual nuclei was measured using a flow cytometer (Beckman-Coulter, Inc., Brea, CA, USA). DNA labeling data were analyzed using CellQuest v.3.0 sampling software (BD Biosciences, Franklin, NJ, USA) for flow cytometry.
Caspase-3 activity assay. Caspase-3 activity was measured using a colorimetric CaspACE kit (Promega Corporation) according to the manufacturer's protocol. Cells were lysed using the kit lysis buffer (Promega Corporation) and centrifuged for 5 min at 5,000 x g and 4˚C. The supernatant was used for the measurement of caspase-3 activity. in DNA. DNA was extracted from N2a cells with the DNA Extractor kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan) according to the manufacturer's protocol. The extracted DNA was digested with 8 units nuclease P1 (Cell Biolabs, Inc., San Diego, CA, USA) for 2 h at 37˚C in a final concentration of 20 mM sodium acetate (pH 5.2), followed by treatment of 6 units alkaline phosphatase for 1 h at 37˚C in a final concentration of 100 mM Tris (pH 7.5). The reaction mixture was centrifuged for 5 min at 6,000 x g and 4˚C, and the supernatant was used for the 8-OHdG Quantitation ELISA assay (catalog no. STA-320; Cell Biolabs, Inc.), according to the manufacturer's protocol.
Determination of 8-hydroxy-2'-deoxyguanosine
Statistical analysis. SPSS statistical software was used for statistical analysis (version 18.0; SPSS, Inc., Chicago, IL, USA). The data are expressed as the mean ± standard error of at least 3 replicate experiments. Comparisons among multiple groups were performed using one-way analysis of variance followed by the Student-Newman-Keuls post hoc test. P<0.05 was considered to indicate a statistically significant difference. Fig. 3 ). Preconditioning with 100 µM H 2 O 2 for 90 min did not significantly alter the apoptotic rate compared with the control (9.5±0.89 vs. 6.5±0.5%; n=5; P>0.05; Fig. 3) ; however, subsequent 600 µM H 2 O 2 -induced apoptosis was significantly inhibited following preconditioning compared with the non-preconditioned group (33.8±3.1 vs. 62.8±5.2%, respectively; n=5; P<0.01; Fig. 3 ).
Results

Effect
The caspase 3 protein is a member of the cysteine-aspartic acid protease (caspase) family (17) . Sequential activation of caspases serves a central role in the execution-phase of cell apoptosis, thus caspase-3 activity is a marker of cell apoptosis (18) . Consistent with the results of flow cytometric analysis, caspase-3 activity was significantly decreased in N2a cells preconditioned with 100 µM H 2 O 2 and exposed to 600 µM H 2 O 2 compared with the non-preconditioned group (P<0.01; Fig. 4 ).
8-OHdG is a marker of oxidative stress (19) . The present study observed that 8-OHdG content was additionally significantly decreased in N2a cells preconditioned with 100 µM H 2 O 2 and exposed to 600 µMH 2 O 2 compared with the non-preconditioned group (P<0.01; Fig. 5 ). Fig. 7A and B) .
Effect of H
ATM inhibition or knockdown attenuates the protective effect of H 2 O 2 preconditioning.
To determine the involvement of ATM in H 2 O 2 preconditioning, RNA interference (RNAi) with siRNA, and treatment with an ATM inhibitor, was performed. siRNA-mediated knockdown of ATM resulted in reduction of ATM protein expression compared with the untransfected control and scramble control groups (P<0.01; Fig. 8 ). When N2a cells were incubated with 10 µmol/l Ku55933 for 36 h or transfected with 50 nM control siRNA, the percentage of apoptotic cells was 8.0±0.68 and 11.1±0.96%, respectively, and were not significantly different compared with the control group (6.5±0.5%; P>0.05; Fig. 3) . However, the anti-apoptotic effect of preconditioning with 100 µM H 2 O 2 was decreased by pretreatment with the ATM inhibitor Ku55933 or silencing of ATM with RNAi compared with the preconditioned group (P<0.01 and P<0.01, respectively; Fig. 3 ). In addition, the 
Discussion
The results of the present study revealed that H 2 Oxidative stress induced by ROS is a primary cause of ischemia/reperfusion injury; however, previous studies have reported that ROS generated from brief ischemia/reperfusion events triggers preconditioning-like protection. Brief exposure to exogenous oxygen species protected PC12 cells and neurons against subsequent serious oxidative stress injury via opening of surface K ATP channels (20) , increasing expression of Bcl-2 (1) and hypoxia-inducible factor-1α protein (21) , or enhancing the expression and functional activities of volume-activated chloride channels (22) . The present study observed that H 2 O 2 preconditioning protected against oxidative stress-induced injury in N2a cells, as assessed by MTT assays, flow cytometry, and analysis of capase-3 activity and 8-OHdG content.
Although numerous previous studies have been performed, the cellular and molecular mechanisms underlying preconditioning remain to be fully clarified. A previous study reported that activation of ATM regulates cell redox homeostasis in various w ays, including the enhancement of glucose-6-phosphate dehydrogenase activity, thereby increasing the intracellular nicotinamide adenine dinucleotide phosphate and glutathione content significantly (10) . ATM-deficient lymphoid stem cells exhibit mitochondrial dysfunction and a significant increase in ROS; exogenous ATM restores mitochondrial function and reduces the generation of ROS (23) . ATM is additionally present in the peroxisomes, regulating catalase activity (24) . Previous studies have reported that when PC12 cells or neurons were subjected to metabolic stress including serum starvation, ATM regulated the insulin-associated signaling pathway and inhibited neuronal apoptosis (25, 26) . In addition, a previous study indicated that histone acetyltransferase 4 accumulates more readily in the nuclei of ATM-deficient neurons, and inhibits myocyte enhancer factor 2A/cyclic adenosine monophosphate response element binding-dependent transcription to promote neurodegeneration (27) . Based on these findings, ATM is regarded as an essential endogenous protective protein against stress (4) .
As the preconditioning process induces endogenous protective mechanisms, it was hypothesized that ATM may be involved in H 2 O 2 preconditioning. Therefore, the effect of H 2 O 2 preconditioning on the expression levels of ATM was measured. Notably, H 2 O 2 preconditioning was observed to increase the protein expression levels of p-ATM, which indicated that H 2 O 2 preconditioning activated ATM. Following H 2 O 2 preconditioning for 12 h, ATM mRNA and protein expression levels increased, which supported this hypothesis. Additionally, the ATM inhibitor Ku55933, or knockdown of ATM using RNAi, attenuated the protective effect of H 2 O 2 preconditioning against oxidative stress-induced injury. These data suggested that ATM is involved in H 2 O 2 preconditioning.
In conclusion, the results of the present study demonstrated, to the best of our knowledge for the first time, that H 2 O 2 preconditioning activates ATM and upregulates ATM mRNA and protein expression levels in N2a cells. Treatment with the ATM inhibitor, Ku55933, or silencing of ATM with RNAi attenuated the protective effect of H 2 O 2 preconditioning in N2a cells. These results provide insight into the mechanisms underlying the involvement of ATM in H 2 O 2 preconditioning. In addition, the present study highlights the potential of the ATM protein as a key therapeutic target for the prevention and treatment of ischemic brain damage.
